Abstract. The iron dynamics in the icosahedral quasicrystal i-AlCuFe and two cubic 1/1 approximants as well as the non-approximant cubic B2 phase has been studied by Mössbauer spectroscopy. In the i-phase the iron LambMössbauer recoilless fraction decreases below that predicted for lattice vibrations alone above about 550 K. This decrease is correlated with the onset of a quasielastic signal at high Doppler velocities, demonstrating local iron jump processes at temperatures above this point. In the two cubic approximants, a loss in the recoilless fraction also occurs above 550 K, revealing the same kind of Fe dynamics as in the i-phase but the effect is smaller. On the other hand, no anomalous Fe dynamics (other than lattice vibrations) is detected in the B2-AlCuFe phase. A comparison is made to literature Mössbauer and neutron scattering results in i-AlCuFe.
Introduction
Although there have been many studies of atomic jumps in quasicrystals (QCs) [1] , several questions remain open, especially concerning the specificity of the observed jumps and their link, if any, with quasiperiodicity [2] . A comparison of QCs with periodic phases is hence needed. Moreover, in order to clarify the role of tiling flips in QCs, it is interesting to distinguish between simple periodic phases and approximants. This important point has not been treated in the literature so far. The AlCuFe system is especially well suited for such a study since both approximants and simple crystalline phases with compositions close to those of the icosahedral QC phase exist ( [3] and references therein). Another advantage of the AlCuFe system is that the Fe dynamics can be probed by Möss-bauer spectroscopy (MS), which in principle allows to distinguish the effects of very fast thermal vibrations (phonons) and slower jump processes as well as to discriminate between atomic jumps confined to a cage (local jumps) and jumps involved in a diffusive motion (usually mediated by vacancies). Clear examples of cage motion and diffusion studies using MS have been given by Vogl ( [4, 5] and references therein).
In the present study we compare the temperature dependence of the iron Lamb-Mössbauer recoilless fraction f ðTÞ measured in low velocity Mössbauer spectroscopy experiments (Doppler velocity range of about AE2 mm/s corresponding to AE0:096 meV) in the i-AlCuFe QC to two cubic 1/1 approximants as well as to a conventional cubic B2 phase. For the i-AlCuFe QC, high velocity Mössbauer spectroscopy experiments (velocity range up to AE 100 mm/s) were also performed in order to look for quasielastic scattering. Results for the recoilless fraction f ðTÞ in the i-AlCuFe QC will be compared with the results of de Araújo et al. [6] and Janot et al. [7] . This comparison will allow us to solve a contradiction between the Mössbauer and neutron scattering results of Ref. [7] .
Samples
We studied an icosahedral quasicrystalline i-Al 0 -AlSiCuFe. The cubic cell parameter of these two approximants is close to 12.4 A. We also studied a cubic non-approximant B2-type phase b-Al 52 Cu 35 Fe 13 (annealed 18 hours at 1170 K) denoted b-AlCuFe. This phase has a simple cubic CsCl structure (cell parameter equal to 2.9 A) with Al on one site and Cu and Fe randomly distributed on the other. All the samples were prepared by planar flow casting methods and shown by X-ray diffraction to be single phase after annealing. The maximum temperature used in MS studies was 1070 K for i-AlCuFe, 975 K for b-AlCuFe and 850 K for the 1/1 approximant phases, which are not as stable as the i-AlCuFe.
Results
The temperature dependence of the recoilless fraction f ðTÞ is shown in Fig. 1 on a log scale for the samples reported upon here. When only phonons are present, the temperature dependence of f ðTÞ can be obtained from the iron Fig. 1(a) , with a Debye temperature Q D ¼ 550 AE 50 K. The independent calculation of f ðTÞ using gðwÞ [8] is indistinguishable from the Debyeresult. However, there is an abrupt change in slope of the log of f ðTÞ near 550 K. Above this temperature, the measured L-M recoilless fraction is smaller than the predictions based on phonons. This deviation increases with increasing T. This trend is illustrated in Fig. 1(a) by drawing a dashed line through the f ðTÞ data above 550 K. In contrast a Debye model with Q D = 550 K well accounts for the temperature dependence of f ðTÞ in the B2-type b-AlCuFe phase up to 975 K. The f ðTÞ data for the two cubic 1/1 approximants are shown on Fig. 1 (b) up to 850 K. The Debye fit from the i-AlCuFe phase in the range ½4:2 K À 550 K (solid line) well accounts for the data in the two 1/1 approximants up to about 550 K, which indicates similar Debye temperatures in all phases. Above 550 K, for the two 1/1 samples, the measured f ðTÞ value is smaller than the extrapolation of the Debye fit. This effect is qualitatively the same as that observed in the i-phase but the amplitude of the deviations is slightly reduced in the 1/1 approximants.
In order to understand the origin of the loss of f ðTÞ observed in both i-AlCuFe and cubic approximants, we performed high velocity Mössbauer experiments on 57 Fe 100%-enriched i-AlCuFe absorbers. Figure 2 (a) shows one such spectrum taken at 1063 K. At these high velocities, the central elastic part of the spectrum (contained in AE 1 mm/s) is reduced to a very sharp line. We show in the figure a highly expanded scale of the relative counts. The wings of the elastic line are shown as the thin solid line. An additional broad contribution is clearly observed in the spectrum shown. It can be fitted as a Lorentzian quasielastic (QE) line shown as the dashed line, with a width (FWHM) G QE equal to 56 AE 10 mm/s, i.e. 2.7 AE 0:5 meV. This value is compatible with that reported (4 meV) in [9] using a less accurate fitting method for a similar i-AlCuFe sample. Here, due to a better statistics, we could in addition investigate the temperature dependence of the QE line. Its intensity A QE (Fig. 2(b) ) increases with increasing temperature. A QE signal can still be detected at 773 K, although its intensity is very much reduced. The width of the QE line increases with T. At 773 K, one obtains G QE ¼ 0:9 AE 0:45 meV.
In conclusion, in the i-AlCuFe phase, the anomalous decrease in f ðTÞ above 550 K, measured in low velocity MS, is clearly correlated with the onset of a quasielastic component, detected in high velocity MS. Both the missing recoilless fraction and the area of the QE line increase In (c) our data for f in the i-AlCuFe phase are compared to those of Refs. [6] and [7] . Also reported are the elastic neutron scattering intensity data at a fixed wavevector Q ¼ 1.95 A À1 (taken from Fig. 1 of Ref. [7] ). with increasing temperature up to 1063 K. The coexistence of an elastic and a QE line above 550 K up to 1063 K is in favor of local jumps (cage motion) of the iron atoms rather than diffusion. In the latter case, only a QE line should be observed [4] . Note that in the case of local jumps, the area of the elastic and quasielastic components obey a sum rule: their sum being the value of f ðTÞ predicted from the phonon spectrum. Unfortunately the strong nonlinear absorption in the enriched samples precludes a quantitative test of this expectation. One can only emphasize that A QE and the missing recoilless fraction follow qualitatively similar temperature dependence. In the case of local jumps, the width of the QE line is directly related to the jumping rate 1=t [4] . The temperature dependence of G QE ðTÞ, and hence that of 1=t, can be described by a simple thermal activation law (Arrhenius law) with an activation energy of 0.25 eV/atom. This is a striking difference with the case of the detected Cu jumps in i-AlCuFe for which G QE is much larger (50 and 250 meV) and does not depend on temperature [1] .
Comparison to literature results
Previous studies of the L--M recoilless fraction f ðTÞ have been presented in [7] for i-Al 62 Cu 25:5 Fe 12:5 and in [6] for i-Al 63:5 Cu 24 Fe 12:5 from 300 K up to 1080 K. These f ðTÞ data, shifted on a logarithmic scale so that the linear part from 300 to about 550 K extrapolates to f = 1 at T ¼ 0, are compared to our results in Fig. 1(c) . A good superposition is obtained in the whole temperature range. In the range ½300; 550 K, the Debye fit (solid line) found for our sample well accounts for the behaviour of these two other samples, indicating similar Debye temperatures in the three samples, as expected from their similar compositions. Above 550 K, in all samples, the L-M fraction is smaller than expected from the Debye model. From this comparison of all available low velocity Mössbauer results, we can conclude that the recoilless fraction exhibits the same behaviour in all i-AlCuFe samples studied. In [7] , the temperature dependence of the elastic neutron scattering intensity, measured at several fixed wavevectors Q from 0.21 to 1.95 A À1 for the same i-Al 62 Cu 25:5 Fe 12:5 sample used in the MS experiments, has been also reported. An anomalous temperature dependence was observed above 800 K for Q ! 0.88 A À1 and ascribed to localized vibrations from clusters. From our present results we can propose another explanation. The temperature dependence of the neutron intensity I n at Q ¼ 1:95 A
À1
(from [7] ) and the L-M recoilless fraction f are compared in Fig. 1(c) . Below 550 K, I n and f agree and follow the same Debye law but they differ above 550 K: f is smaller than the Debye law while I n still follows it up to 800 K. An anomalous decrease of I n is only observed above 800 K. This apparent contradiction can be ascribed to the widely different energy resolution windows of the MS and neutron spectrometers. The so-called neutron "elastic" intensity includes, in addition to the truly elastic intensity, all QE contributions with a width lower than the energy resolution of the spectrometer (about 1 meV for the backscattering spectrometer used in [7] ). This window is much larger than the Mössbauer energy window of roughly 4 10 À9 eV. The width of the QE line detected in high velocity MS experiments is equal to 0.9 meV at 773 K and reaches 1.4 meV at 873 K. Therefore, recalling that, for local jumps, the QE and truly elastic components obey a sum rule, the iron jumps which cause the anomalous decrease of f above 550 K cannot contribute to an anomalous decrease of I n as long as the temperature does not exceed about 800 K. However the fact that no decrease of I n was observed for Q ¼ 0:21 and 0.41 A À1 in [7] remains to be explained.
Conclusions
In summary, local iron jumps are detected in the icosahedral Al 62 Cu 25:5 Fe 12:5 quasicrystalline phase above 550 K. The energy scale of these jumps is about a few meV. It is then consistent to interpret them as tiling flips (phasons) in the QC lattice. Iron atoms on the inner partially filled dodecahedra present in the QC model of Ref. [11] are possible candidates. However one should emphasize that a quasiperiodic long range order is not required to generate these local iron jumps. Similar, although reduced, effects are present in the two cubic 1/1 approximants a and a 0 -AlSiCuFe. Significantly, no local Fe jumps are detected in the simple cubic B2-type b-AlCuFe phase. Hence the existence of local iron jumps must be linked to local environments present, at least partly, both in QCs and approximants. The identification of the iron atom jumps in terms of local tiling flips in existing models of the quasicrytalline structure is a very difficult task. In this context the observation of atomic jumps in the 1/1 phases brings some hope to identify the hopping sites in the QC structure, taking profit of the now well known chemical decoration of the 1/1 phases and its link with the i-phase [12] .
The absence of Fe jumps in the B2-type b-Al 52 Cu 35 Fe 13 phase is in contrast with the results of Dahlborg et al. [2] who detected Cu and Ni jumps at 1193 K in a crystalline Al 50 Cu 35 Ni 15 phase. However the structure of the latter phase, designated in the literature as a t-phase, is a not as simple as that of the b-AlCuFe studied in the present work. It presents a quasiperiodic vacancy order [10] and hence could bear a certain local resemblance with quasiperiodic or approximant phases.
